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ABSTRACT: We report the measurement of spin current induced charge accumulation, the 
inverse Edelstein effect (IEE), on the surface of a candidate topological Kondo insulator SmB6 
 2 
single crystal. Robust surface conduction channel of SmB6 has been shown to exhibit large degree 
of spin-momentum locking, and spin polarized current through an external ferromagnetic contact 
induces the spin dependent charge accumulation on the surface of SmB6. The dependences of the 
IEE signal on the bias current, an external magnetic field direction and temperature are consistent 
with the anticlockwise spin texture for the surface band in SmB6 in the momentum space, and the 
direction and magnitude of the effect compared with the normal Edelstein signal are clearly 
explained by the Onsager reciprocal relation. Furthermore, we estimate spin-to-charge conversion 
efficiency, the IEE length, as 4.46 nm that is an order of magnitude larger than the efficiency found 
in other typical Rashba interfaces, implying that the Rashba contribution to the IEE signal could 
be small. Building upon existing reports on the surface charge and spin conduction nature on this 
material, our results provide additional evidence that the surface of SmB6 supports spin polarized 
conduction channel. 
I. INTRODUCTION 
Three-dimensional (3D) topological insulators (TIs) are newly developed class of insulators 
having the bulk band gap in which time-reversal symmetry-protected surface states reside. The 
surface conduction channel also has spin-momentum locking property making TIs a promising 
platform for exploring new physics such as Majorana quasi particle states or application to various 
spintronic devices [1-3]. In the conventional 3D TIs, however, the Fermi level naturally resides in 
the bulk conduction or valence band due to unintentional doping so that bulk carriers hinders the 
surface-driven phenomena [4-6]. Recently, SmB6, a Kondo insulator, has been predicted to be a 
member of a newly classified family of strong TIs, topological Kondo insulators (TKIs), where 
the topologically protected surface states reside in the bulk Kondo band gap at low temperatures, 
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and the Fermi level is guaranteed to be inside the bulk gap [7-9]. The large degree of current-
induced spin polarization on the surface of SmB6 as well as the robust surface conduction have 
been demonstrated by various experiments [10-19], implying that the SmB6 is a strong candidate 
for TKI free from bulk effects. 
Here, we report an additional demonstration that the surface of SmB6 indeed exhibits transport 
phenomena consistent with spin-momentum locking texture through the observation of the spin 
current induced charge accumulation, the inverse Edelstein effect (IEE). Being distinct from the 
previous experiment for the spin injection into the SmB6 surface using the microwave-induced 
spin pumping [11], we use near dc electrical method to generate the charge accumulation by the 
IEE on the surface of SmB6, which can be achieved by not only injection of the spin polarized 
current generated by the ferromagnetic metal into the surface of SmB6, but also extraction of the 
spin polarized current generated from the surface of SmB6. The charge accumulation on the surface 
of SmB6 is measured in the form of the voltage difference between two nonmagnetic contacts on 
the surface, and its dependences on the direction and magnitude of a bias current, external magnetic 
field direction, and temperature are all consistent with the spin-momentum locking properties of 
the surface state of SmB6. 
 
II. MATERIALS AND METHODS 
A. Material growth 
Single crystals of SmB6 were grown with Al flux, starting from elemental Sm and B with the 
stoichiometry of 1 to 6 in a ratio of SmB6 : Al = 1 : 200–250. The initial materials were placed in 
an alumina crucible and loaded in a tube furnace under Ar atmosphere. The assembly was heated 
to 1250–1400 °C and maintained at that temperature for 70–120 hours, then cooled at −2 °C/hr to 
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600–900 °C, followed by faster cooling. The SmB6 samples were put into sodium hydroxide to 
remove the residual Al flux. 
 
B. Device fabrication 
An Al layer of 2 nm was deposited on the polished (100) surface of SmB6 by using electron 
beam evaporation followed by oxidizing on a hotplate in ambient conditions. The resulting thin Al 
oxide layer prevents direct contact of the ferromagnetic metal with SmB6 and acts as a tunnel 
barrier between SmB6 and the ferromagnetic metal generally enhancing spin injection and 
detection ratio overcoming conductance mismatch [20] (see Supplementary Information S1). 
Standard e-beam lithography was used to make electrode patterns. A permalloy (Py) layer was 
used as a ferromagnetic spin source for spin injection and extraction with the lateral size of 150 x 
150 
2μm  and thickness of 20 nm. The layer was capped with 15 nm of Au using electron beam 
evaporation. Non-ferromagnetic contacts used for the source, drain, and voltage probes were 
formed by e-beam lithography patterning and Al oxide etching with a buffered oxide etchant 
followed by depositing Ti 5 nm/Au 80 nm using electron beam evaporation. For the Au electrode 
acting as the wire bonding pad for the contact with the ferromagnetic metal, additional insulating 
layer was made below the metal layer by overdosing electron beam on electron beam resist 
(PMMA 950A6) with a dose of 10000
2 μC/cm .  
 
C. Transport measurements 
The device was placed in a commercial variable temperature cryostat (Quantum Design PPMS) 
for low-temperature electrical measurements. For all electrical measurement, standard lock-in-
based four-point probe measurements were performed. An AC current was applied through the 
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interfacial tunnel oxide between the ferromagnetic metal Py and SmB6 surface using ac current 
source (Keithley 6221), and a lock-in amplifier (Stanford Research Systems SR830) was used for 
detecting a voltage difference between two Au contacts. 
 
III. RESULTS 
A. Principle of electrical measurement for the IEE 
The Edelstein effect is one of the well-known effects involving charge-to-spin conversion 
intimately related to the spin Hall effect. In the materials with the spin-momentum locking property, 
a charge current produces non-equilibrium spin polarization by the Edelstein effect [21]. The 
Onsager reciprocal effect of the Edelstein effect is called the IEE where a non-equilibrium spin 
accumulation in a two-dimensional electron gas generates charge accumulation perpendicular to 
its spin direction [22,23].  
To detect a charge accumulation on the surface of SmB6 arising from the IEE, a permalloy (Py) 
is used as a spin source to induce a non-equilibrium spin accumulation on the surface of the SmB6. 
Figure 1(a) shows the electrical measurement configuration for the IEE, where a bias current Ib 
flows through Py on the SmB6 parallel to the y axis, and the transverse voltage difference Vyx, 
defined as V+ − V-, is measured between two nonmagnetic Au contacts positioned at the end of the 
SmB6 in the x axis while sweeping an external magnetic field along the y axis. When measuring 
Vyx, the measured Vyx can be classified into four cases according to the direction of Ib and the 
magnetization of Py (M).  
Figures 1(b)-(e) show schematic top view of the device illustrated in Fig. 1(a) and the charge 
accumulation by the IEE along the x axis, where the accumulated electrons with spin-up (spin-
down) are depicted in red (blue) arrow parallel (anti-parallel) to the +y direction. We note that a 
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diffusive spin current with the spin anti-parallel to the accumulated spin should flow in the 
direction opposite to the direction of the charge accumulation due to the zero net current along the 
x axis. Since the direction of the majority spin of Py is opposite to that of its magnetization and 
the majority spin of Py is mainly coupled to the SmB6 surface channel, the contact resistance 
between Py and spin-up channel of the SmB6 is larger (smaller) than that between Py and spin-
down channel of the SmB6 for M parallel to the +y (-y) direction [24,25].  
In the case of injection (Ib parallel to the -y direction) in which the spin polarized electrons are 
injected into the surface of the SmB6, for M parallel to the +y (-y) direction, more spin-down (spin-
up) electrons are accumulated on the surface of the SmB6 and subsequently have net momentum 
in the -x (+x) direction due to the spin-momentum locking, resulting in higher electrochemical 
potential at left (right) side and, eventually, Vyx < (>) 0. On the other hand for extraction (Ib parallel 
to the +y direction) where the spin polarized electrons from the SmB6 are extracted and tunnel into 
Py, for M parallel to the +y (-y) direction, more spin-up (spin-down) electrons are left behind on 
the surface of the SmB6 due to high contact resistance, and subsequently have net momentum in 
the +x (-x) direction due to the spin-momentum locking, resulting in higher electrochemical 
potential at right (left) side and, eventually, Vyx > (<) 0. We confirm the non-zero Vyx induced by 
spin current injection/extraction using the simulation based on the semi-classical model for charge 
and spin transport (see Supplementary Information S2). Summarizing, expected behaviour of Vyx 
as a function of an external magnetic field Hy for injection and extraction is described in the Fig. 
1(f) and 1(g), respectively, where Hc is the switching field of Py and the IEE signal ΔVyx, defined 
as Vyx (M // +y) – Vyx (M // -y), is negative (positive) for injection (extraction). We also define the 
polarity of the hysteresis loop in Fig. 1(f) and 1(g) as negative and positive polarity, respectively. 
B. Electrical measurement of the IEE signal and the Onsager reciprocal relation 
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We first report the expected behaviour of aforementioned IEE signal on the surface of SmB6, 
which is reflected in a non-zero ΔVyx. As shown in Fig. 2(a), Vyx is measured by sweeping an 
external magnetic field along the y axis to control the magnetization direction of Py while applying 
Ib along the y axis. Figures 2(b) and 2(c) show representative Vyx as a function of Hy recorded with 
Ib of +150  μA  and −150  μA , respectively, at 1.8 K. For Ib of +150  μA (−150  μA ), the case of 
extraction (injection), the results show hysteresis loop with positive (negative) polarity according 
to our expectation, which is clearly consistent with the anticlockwise spin-momentum relation in 
SmB6 (see Supplementary Information S3). Being extracted from hysteresis loop under different 
Ib, as shown in Fig. 2(d), ΔVyx exhibits linear response to Ib, implying that the current-induced spin 
injection and extraction lead to non-zero ΔVyx.  
The IEE signal also can be analysed quantitatively using the Onsager reciprocal relation. The 
Onsager reciprocal relation is the universal relation for any setup in the linear response regime, 
stating that the ratio of the measured voltage to a bias current does not change even when 
exchanging voltage and current terminals [25,26]. However, for time-reversal symmetry breaking 
field such as M, the sign of that field should be reversed to satisfy the reciprocity relation. Thus, 
the Onsager reciprocal relation is given by 
3412
34 12
( )( )
,
VV
I I


MM                                                            (1) 
where Vab is defined as Va − Vb and Icd denotes that a current flows from terminal c to terminal d. 
Figure 3 clearly shows the Onsager reciprocal relation expressed by Eq. (1) between the 
potentiometric spin measurement, where the ferromagnetic metal is used as the spin detector, and 
its reciprocal measurement for the IEE, where SmB6 is used as the spin detector. Figures 3(a) and 
3(c) show schematic drawings for the potentiometric spin measurement and the corresponding 
result, Vxy, recorded with I12 of 100  μA at 1.8 K while sweeping an external magnetic field along 
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the y axis. Figures 3(b) and 3(d) also show schematic drawings for the IEE measurement and the 
corresponding result, Vyx, recorded with I34 of 100  μA at 1.8 K while sweeping an external 
magnetic field along the y axis. Each result shows hysteresis loop with negative polarity for the 
potentiometric measurement and with positive polarity for the IEE measurement consistent with 
the Onsager reciprocal relation in Eq. (1). More specifically, in the potentiometric spin 
measurement, the spin voltage ΔVxy can be expressed as follows [27].  
xy 34 34 34
B FM
12 12 12
  ( ) ( )
( ),
V V V V
R P
I I I
 
  
u
  M M
p M                         (2) 
where ΔVxy is a reciprocal value of ΔVyx in this paper, and proportional to a bias current I12, ballistic 
resistance of the channel RB, spin polarization of the ferromagnetic metal PFM, and inner product 
between the spin polarization of the surface channel with a positive bias current flowing p and unit 
vector along the magnetization of the ferromagnetic metal Mu. Eq. (1) and Eq. (2) can be combined 
to yield the following equation.  
yx 12 12 12
B FM
34 34 34
  ( ) ( )
( ),
V V V V
R P
I I I
 
   
u
  M M
p M                         (3) 
where the negative sign arises in order to satisfy the Onsager reciprocal relation. As expected in 
Eq. (3), the slope from linear fitting shown in Fig. 2(d) has opposite sign compared to that of the 
bias current dependence of the spin voltage [19,28]. Furthermore, the magnitude of the slope in 
Fig. 2(d) is 2.7 mΩ slightly larger than the previous value 2.3 mΩ measured in the potentiometric 
geometry previously performed [19], which may be attributed to the non-linearity of the contact 
resistance between the ferromagnetic metal and SmB6. As the IEE signal follows the Onsager 
reciprocal relation, we estimate both from inverse and normal Edelstein effect that |p| of SmB6 is 
27% (see Supplementary Information S4). Therefore, the IEE signal ΔVyx electrically measured 
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through both spin injection and extraction supports that SmB6 indeed has the anticlockwise surface 
spin texture in the momentum space. 
C. Magnetization orientation dependence of the IEE signal 
To further confirm the spin-momentum relation, we study how the IEE signal depends on the 
magnetization orientation. Figures 4(a) and 4(b) show schematic top view of measurement 
configuration when applying an external magnetic field along the y axis and x axis, respectively, 
under Ib of 100  μA at 1.8 K and corresponding results are shown in Fig. 4(c) and 4(d). Due to the 
anticlockwise spin texture for the surface band in SmB6, the charge accumulation by spin-to-
charge conversion on the surface of SmB6 occurs along the x axis as depicted in Fig. 4(a), resulting 
in measurable ΔVyx as shown in Fig. 4(c). On the other hand, we can predict that the charge 
accumulation occurs along the y axis in case of M parallel to x axis as depicted in Fig. 4(b), 
resulting in no voltage difference between two voltage probes at high positive or negative Hx as 
shown in Fig. 4(d). The intermittent non-zero signal in Fig. 4(d) likely arises from the magnetic 
domain, whose transient magnetization direction has some y axis component in the process of 
magnetization reversal through the domain wall motion [29]. Furthermore, the result in Fig. 4(d) 
also exclude the possibility that the measured ΔVyx could originate from spurious effects such as 
Hall effect where non-zero ΔVyx can arise independently of the magnetization orientation due to 
the fringe filed of the ferromagnetic injector [30]. Therefore, magnetization dependences of the 
IEE signal further support the fact that the measured ΔVyx clearly reflects the anticlockwise spin 
texture for the surface band in SmB6. 
D. Temperature dependence of the IEE signal 
The surface origin of ΔVyx is examined by investigating the temperature dependence of ΔVyx. As 
shown in Fig. 5(a), the temperature-dependent electrical resistance R(T) of SmB6 diverges from 
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12 K to 4 K exhibiting thermally activated behaviour and starts to saturate at 4 K exhibiting the 
surface-dominated transport property, as previously confirmed [16-18]. Fig. 5(b) shows Vyx as a 
function of Hy under Ib of +100  μA  performed at temperature ranging from 4.5 K to 1.8 K [marked 
by red dots in Fig. 5(a)]. The IEE signal ΔVyx is extracted from Fig. 5(b) and summarized in Fig. 
5(c) according to the temperature where the measurement is performed. As the temperature 
increases, ΔVyx constantly decreases and vanishes around 4 K, which resemble the behaviour of 
the temperature-dependent electrical resistance of SmB6 showing the crossover from surface to 
bulk-dominated charge conduction around 4 K. Moreover, although SmB6 is a heavy metal where 
spin Hall and inverse spin Hall effect can occur, the signal from inverse spin Hall effect does not 
contribute to the measured ΔVyx at the elevated temperature, which may be largely attributed to 
thick bulk channel of SmB6 because the inverse spin Hall signal diminishes with the thickness of 
the spin detector material increasing due to the reduction of the spatially averaged spin current in 
the spin detector material [31]. We also note that the temperature dependences of the measured 
ΔVyx exhibit the similar behaviour to the previous results of the temperature-dependent ΔVxy in the 
potentiometric measurement configuration, confirming the Onsager reciprocal relation is valid 
with varying temperature [19]. Therefore, the temperature dependences of the measured ΔVyx 
strongly support that the measured ΔVyx indeed originates from the surface states of SmB6 largely 
excluding the bulk effect such as the inverse spin Hall effect. 
 
IV. DISCUSSION 
The location of the Fermi energy pinned near the hybridization-induced gap induced by 
hybridization of localized f electrons with conduction electrons ensures surface-dominated 
transport in SmB6 at low temperatures [17,18], thereby excluding the possibility that the bulk 
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effects such as inverse spin Hall effect contribute to the measured IEE signal. However, the IEE 
signal can arise from both the Rashba surface states and the topologically protected surface states 
because both surface states have the spin-momentum locking property which can induce the IEE 
signal. Although it is hard to separately measure the contributions of the Rashba surface and the 
topological surface to the IEE signal, we can predict that the measured IEE signal is very likely to 
consist mainly of the signal from the topological surface by analyzing the IEE length, λIEE, which 
is spin-to-charge conversion efficiency given by the following equation [24,32]. 
,C IEE S IEEj j 

 

p
,                                                (4) 
where charge current density in A m-1, jc, and spin current density in A m
-2, js, are connected 
through λIEE that is proportional to absolute value of the spin polarization |p| and mean free path of 
the channel λ. In SmB6, because β band electrons mainly contribute to surface conduction, λ for β 
band (52 nm) [33] and the spin polarization (27%) are used to obtain λIEE. In our case, λIEE is 4.46 
nm, which is comparable to λIEE found in α-Sn films topological insulator without bulk effects [34] 
and one order larger than λIEE found in various other Rashba interfaces, typically 0.1-0.4 nm due 
to the compensation of the two Fermi contours of Rashba interfaces [35-39], implying that the 
Rashba contribution to the IEE signal could be small. Moreover, large λIEE also indicates that SmB6 
is promising candidate for spintronic devices potentially useful for efficient spin source and 
detector. With recently developed technique of increasing temperature range of surface-dominated 
transport in SmB6 by applying strain [40], the material also has potential for spintronic application 
at elevated temperature. Our observation can present a route for the potential application of SmB6 
to both fundamental investigation of the interplay between nontrivial topology and electron 
correlation and applied spin transport physics in strongly correlated system.  
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Figure captions 
FIG. 1.   Principle of electrical measurement of the Inverse Edelstein Effect (IEE). (a) Schematic 
of measurement setup and anticlockwise spin texture of the surface band in SmB6 near the Fermi 
energy. (b)-(e) Schematic top view for the charge accumulation by the IEE in case of M // +y under 
injection (b), M // +y under extraction (c),  M // -y under injection (d), and  M // -y under extraction 
(e). (f), (g) The expected inverse Edelstein signal for spin injection (f) and extraction (g). 
 
FIG. 2.   Electrical measurement of the IEE signal. (a) Schematic drawing of the electrical 
measurement configuration. A bias current Ib is applied along the y axis and voltage difference is 
measured between two Au contacts while sweeping a magnetic field along the y axis. (b), (c) The 
measured Vyx as a function of the y component of an external magnetic field Hy for Ib of +150  μA  
(b) and −150  μA  (c). (d) Dependence of the IEE signal ΔVyx as a function of Ib measured at 1.8 K. 
 
FIG. 3.   The Onsager reciprocal relation. (a), (b) Schematic measurement setup for the 
potentiometric spin measurement (a) and its reciprocal measurement for the IEE (b). (c) Vxy, 
defined as V3 − V4, as a function of the external magnetic field swept along the y axis under I12 of 
100  μA  at 1.8 K, measured in Fig. 3(a) configuration [19]. (d) Vyx, defined as V1 − V2, as a function 
of an external magnetic field swept along the y axis under I34 of 100  μA  at 1.8 K, measured in Fig. 
3(b) configuration. 
 
FIG. 4.   Magnetization orientation dependence of the IEE signal. (a), (b) Schematic top view of 
the measurement configuration. An external magnetic field is swept along the y axis in (a) and 
along the x axis in (b). (c), (d) Vyx as a function of an external magnetic field swept along the y 
 16 
axis (c) and along the x axis (d) under Ib of +100  μA at 1.8 K. Magnetization M is parallel to the 
y axis (parallel to current direction) in (c) and parallel to the x axis (perpendicular to current 
direction) in (d). 
 
FIG. 5.   Temperature dependence of the IEE signal. (a) Electrical resistance of SmB6 as a function 
of temperature under a bias current of 300  μA . (b) Vyx measured by sweeping an external magnetic 
field parallel to the y axis under a bias current of +100  μA  at different temperatures ranging from 
1.8 K to 4.5 K. Each curve is offset by 1  μV  for clarity. (c) The IEE signal ΔVyx extracted from 
Fig. 4(b) as a function of temperature.  
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